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Load Sharing Comniposiilte Shaft 

Background of the Invention 
[0001] This invention relates to a cylindrical composite shaft which 
includes end pieces to transmit torsional forces. Currently it is well known 
that open ended, generally cylindrically shaped tubes formed of composite 
materials, such as materials comprising graphite, boron, aramid, glass 
fibers and epoxy, polyester and/or vinylester matrix, have extremely high 
strength to weight ratios. Also, depending on composite material selection, 
these tubes are capable of high stiffness to weight ratios and are 
consequently replacing metal tubes for the transmission of tensile, 
compression, bending and/or torsional loads. Some common applications 
of composite material tubular shafts are rollers in paper mills, bicycle 
frames, driveshafts, and golf club shafts. Composite driveshafts also have 
another well-known advantage over all-metal shaft constructions by 
providing a major reduction in noise, vibration, and harmonics. All 
composite materials have natural dampening characteristics. Perturbations 
due to the exterior environment or connections (drivetrain, etc.) are 
absorbed by the composite material, instead of transferring the 
perturbations to the next component of the vehicle. However, widespread 
use of composite material shafts for has been extremely limited as a result 
of structural and economic limitations associated with the design and 
construction of the shafts. 

[0002] Structural limitations of common practice occurs when highly 
loaded shaft applications are necessary. It is well known in the art of 
composite shaft construction to bond metal end pieces into the open ends 
of the tubular shaft, formed by a composite tube, to transmit forces into 
the tube from the adjacent mechanism or structure, this defines a 
composite shaft which is a composite tube plus end pieces. Successful load 
transfer from the metallic end pieces to the composite tube usually relies 
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on a single load path, which is defined by the bonding material adhesive 
between the end piece and composite tube surfaces. While this practice is 
accepted in the aerospace industry, it creates many doubts by potential 
customers outside of aerospace, especially in the area of high load 
applications such as driveshafts. From a structural standpoint, these 
composite shafts are totally dependent upon the quality and inherent 
characteristics of the bonding process, as well as being subject to potential 
human error which may be introduced during assembly and bonding of the 
end pieces to the composite tube. 

[0003] Economic limitations associated with common practice for 
constructing composite shafts generally result from the high labor content 
of the manufacturing processes, and in particular the high labor content 
associated with construction of the composite tube construction, and the 
high labor content associated with the insertion and bonding process for 
attaching the metallic end pieces into the composite tube. 

[0004] With regard to the cost associated with constructing the 
composite tube, it is typical or common practice during the manufacturing 
process of composite tubes to utilize a reusable metal tool. This metal tool 
is typically a high-grade steel which requires a high level surface finish 
resulting in a fairly expensive tool. Uncured wet composite material (fiber 
plus resin matrix) is wrapped, pultruded or wound on the metal tool outside 
diameter after which the composite material is cured at a predetermined 
temperature for an established period time, whereby the composite tube is 
formed with a final shape corresponding to the shape of the metal tool. 
Finally, the metal tool is pressed, i.e., extracted, from the composite tube 
inside diameter. This reusable metal tool is then cleaned and prepared, 
including for example application of a release agent, between each 
composite tube fabrication cycle. This tool cleaning and preparation 
portion of the manufacturing process requires considerable time and 
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attention to detail which ultimately adds substantial cost to the final part. 
In addition, it is also common practice to include a machining step in 
preparation for receiving the end pieces wherein the open ends of the 
cured composite tube are faced off. 

[0005] With regard to the cost associated with insertion and bonding 
of the end pieces into the composite tube ends, the operations associated 
with this process are considered critical to the proper performance of the 
final product and therefore requires substantial time and attention to detail. 
In particular, this process is responsible for the performance of the entire 
shaft structure, in that the bonding material provides a single load path 
between end pieces and the composite tube. Quality concerns and 
repeatability of this process is of the utmost importance. Failure to follow 
any part of this critical process may result in catastrophic part failure as a 
result of the end piece debonding from the composite tube. Typical in the 
art of this process is the critical preparation of the end piece surface and 
composite tube surface. The surfaces which create the bond layer 
interface must be extremely clean and free of all oil and other 
contaminants. If this does not happen, the bonding agent will not adhere 
to the surfaces substrate resulting in an adherend failure. Consequently, 
human error plays a large roll in any failures resulting from defects in the 
bonding process. Obviously, due to the criticality of this process, strict 
manufacturing process and quality procedures must be followed (typical 
of aerospace industry), which results in high labor content Obviously this 
process, while adequate for certain lightly loaded high cost applications 
does not lend itself to high volume production. 

[0006] One approach that has been attempted to eliminate 
constructions requiring a tool extraction step is the use of plastic foam core 
material over which the composite material is wrapped. This foam core 
remains part of the cured shaft and of course is cylindrical in shape. 
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However, great difficulties arise in the manufacturing process due to the 
low mechanical properties of the foam core itself. Alignment of end pieces 
and adequate strength and stiffness required for the manufacturing process 
limits the success of this approach, especially for long narrow shafts with 
high length to diameter ratios. 

[0007] Clearly, in order to fully utilize the superior mechanical 
properties, including a high strength-to- weight ratio of composite material 
tubes and move composite shafts from very limited use, such as in high 
cost/ low load applications, to the mass produced widespread applications, 
an improved design and process for manufacturing composite shafts is 
needed to address structural issues and to reduce manufacturing cost. 



Summary of the Invention 

[0008] The present invention provides a composite shaft construction 
which provides for improved structural strength and improved cost of 
construction. In particular, an improved design and manufacture for a 
composite shaft is provided including an inner tube member for the shaft, 
at least one end piece located adjacent at least one end of the inner 
member and a composite material covering the inner tube member and at 
least a portion of the end piece wherein the portion of the end piece 
covered with the composite material defines a convexly curved area of the 
end piece. 

[0009] In the preferred embodiment, an end piece is provided at 
either end of the shaft, and specified torsional loads are transferred from 
the end pieces effectively into the composite tube. Additionally, the inner 
tube typically is a thin metal tube of sufficient rigidity to act as a forming 
mandrel for the composite material and to hold the end pieces in alignment 

4 



BUJ 005 P2 




relative to each other during manufacture of the composite shaft structure. 
In contrast to prior art composite structures which rely totally on a single 
load path from the end piece surface through a bonding material, or 
adhesive, and then to the composite tube surface, the shaft structure of 
the present invention provides multiple mechanical load paths to transfer 
loads effectively from the end pieces to the composite cylindrical section. 

[0010] Torsional loads from the end pieces are all mechanically 
transferred into the composite material cross section by a knurled surface 
finish of the end piece itself. This surface is approximately 0.015 inch deep 
and 0.015 inch high so that during the manufacturing process the wet 
(uncured) fiber/matrix composite material sinks into the deep grooves of 
the knurled surface. Ultimately, when the composite material is dry (cured) 
the hardened composite is locked onto the end pieces and all loads applied 
to the end pieces are consequently directly transmitted into the composite 
material. 

[0011] In addition to this load path, two other backup or secondary 
load paths are utilized. One path is from the end piece to the thin metal 
tube by a friction fit and/or an adhesive layer used to attach the end pieces 
to the thin metal tube for the winding assembly process. The second path 
is from the thin metal tube to the composite material via an adhesion layer 
between the entire metal tube exterior surface and the composite material. 
This adhesive layer between the metal tube and the composite material is 
not a secondary operation, but rather utilizes (wet) resin from the 
composite manufacturing overwrap operation to bond the composite 
material directly to the metal tube forming a single (hybrid) load carrying 
structure. 

[0012] This invention's structural advantages result in a shaft with 
greatly increased load transfer ability of the end pieces to the composite 
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material whereby the durability, reliability and overall load carrying 
capability of the composite shaft is increased. 

Brief Description of the Drawings 
[0013] Fig. 1 shows a composite shaft constructed in accordance 
with the present invention; 

[0014] Fig. 2 shows an exploded view of the components forming 
the composite shaft of the present invention; 

[0015] Fig. 3 shows a detail view of one end of the view of Fig. 2; 

[0016] Fig. 4A shows a portion of the wrapping operation for placing 
the composite material on the inner tube member and end pieces; 

[0017] Fig. 4B is a cross-sectional view taken along cut line A-A in 
Fig. 5 and showing the portion of the wrapping operation of Fig. 4A; 

[0018] Fig. 4C is a view of the wrapping operation, similar to Fig. 4A, 
wherein the shaft structure is rotated 90 degrees about its longitudinal 
axis; and 

[0019] Fig. 5 is a cross-sectional view of one end of the composite 
shaft of Fig.l. 

Detailed Description of the Preferred Embodiment 

[0020] Referring to Figs. 1-3, the composite shaft 10 of the present 
invention is illustrated and, as is described further below, is particularly 
designed for use in high speed, high torque applications, such as in use as 
a vehicle drive shaft. 
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[0021] The shaft 10 comprises an inner tube member 12, a pair of 
end pieces 14, 16 located at either end of the inner tube member 12, and a 
composite material overwrap 18 formed of resin and fibers covering the 
inner tube member 12 and a portion 20, 22 of each of the end pieces 14, 
^16, respectively. The inner tube preferably comprises a thin metal tube 
and defines opposing open ends 24, 26. Further, each portion 20, 22 of 
the end pieces 14, 16 includes a knurled surface 21, 23 which is preferably^ 
0.015 inch deep and 0.015 inch high to facilitate formation of 'a mechanical 
connection between the composite material 18 and the end pieces 14, 16. 

5^\>f^^[0022] Each of the end pieces 14, 16 preferably is formed as a 
turned metal component, such as on a CNC machine, and includes a 
respective interface portion 28, 30 for insepuon in the open ends 24, 26 of 
the inner tube member 12. The interface portions 28, 30 are preferably 
friction fit into the ends 24, 26 of the inner tube member 12 to form a 
direct/mechanical connection between the ends 24, 26 and the inner tube 
member 12. Additionally, an adhesive may be provided on the interface 
portions 28, 30 for forming a rigid connection between the end pieces 14, 
16 and the inner tube member 12. With the end pieces 14, 16 thus 
connected to the inner tube member 12, the end pieces 14, 16 are properly 
^° aligned relative to eachAher in preparation for the operation of applying 
the composite material 18 to the shaft 10. 

[0023] Referring to Fig. 5, it can be seen that the portion 20 of the 
end piece 14 covered by the composite material 18 is formed with a 
convexly curved shape, as will be described in greater detail below, and is 
formed with an elliptical shape calculated based on design considerations 
related to the angle of elongated fibers forming the composite material 
relative to the longitudinal axis 42 of the shaft 10. The shape of the 
portion 22 of the opposing end piece 16 is also convexly curved and 
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shaped according to the same design considerations as the portion 20 of 
the end piece 14. 

A^[0024] It should also be noted that the construction^ the present 

shaft 10, as illustrated in Fig. 5, provides improved loaj/transfer 
^ characteristics for transferring torque loads betweer/the opposing end 
pieces 14, 16. Specifically, multiple load paths are defined between the 
end pieces 14, 16. A first load path comprises^he connection 44 between 
m. the composite material 12 and the end pieces 14, 16, which is facilitated by 

p the knurled surfaces 21, 23 to form a rimd connection after the wet or 

0 uncured composite material is deposited within the grooves of the knurled 
surfaces 21, 23 and cured, locking the hardened composite material 18 to 
the end pieces 14, 16. A second/load path is defined by the connection 
between the end pieces 14, 16<3nd the inner tube member 12, at the 
interface portions 28, 30. ^/third load path is provided from the inner tube 

/) member 12 to the composite material 18 via an adhesion layer 48 between 

/ ne- 
ttle entire exterior surface of the inner tube member and the composite 

material It should be noted that the formation of these multiple paths 

takes place during/the operation of forming the tubular composite portion 

18 of the shaft, /resulting in the application of the composite material to the 

inner tube member 12 and to the knurled portions of the end pieces 14, 

16, such that a further or secondary operation is not required to create a 

consistent and durable hybrid structure for transfer of torque loads 

between the end pieces 14, 16. 



pj 
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[0025] As was briefly noted previously, a further characteristic of the 
present shaft design relates to the relationship between the elongated 
fibers forming the composite material 18 and the underlying structure, 
including the inner tube member 12 and the portions 20, 22 of the end 
pieces 14, 16 covered by the composite material 18. Selection of the 
design for the shaft 10 requires consideration of both projected 
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performance criteria for the shaft 10 and physical design variables for the 
shaft 10. The performance criteria comprises consideration of the 
maximum rotational operating speed, maximum operating torque, and 
environmental factors including maximum and minimum operating 
f temperatures and exposure to chemically detrimental substances among 
other factors. 



[0026] The physical design variables comprise respective diameters 

|L*> 

n of the composite material 18 and inner tube member 12, the total end-to- 

end length of the shaft 10, the material and tube thickness of the inner 

00 [O tube member 12, the type of material used in the formation of the 

composite material 18, the angle of the fibers forming the composite 

^ material 18 relative to the longitudinal axis 42 of the shaft 10, the thickness 

P of the composite material 18, the thickness and material of the end pieces 

H 

a 14, 16, and the geometry of the curved portion of the end pieces 14, 16. 

W 

5 

- y ( ( [0027] In order to form a design which provides an optimum 

solution, from a cost and structural efficiency standpoint, variables in the 
physical design must be selected so as to meet the performance criteria. 
In order to achieve this goal, five analysis constraints must be 
simultaneously satisfied whereby a unique design solution is provided for a 
r& given set of performance criteria. These five analysis constraints take into 
consideration 1) a predetermined maximum rotational operating speed, 2) 
a predetermined maximum operating torque, 3) a load sharing relationship 
between the inner tube member and the composite material, 4) a single 
winding angle for the fibers forming the composite material to satisfy the 
first three constraints, and 5) a geometric isotensoid shape for the end 
pieces related to the winding angle for the fibers. 



1 
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1) Maximum Rotational O perating Speed 

[0028] The first natural frequency, co n , of the shaft 10 is described by 
the equation 



f [0029] Where r| is the natural vibrational mode, L is the shaft length, 
E x is the modulus of elasticity, I is the rectangular moment of inertia, p is 
the mass density of the composite material, and A is the cross sectional 
area of the shaft. 

[0030] The first natural frequency, co n , must be greater than the 
j 3 predetermined maximum rotational operating speed in order to avoid the 
condition where the shaft 10 will vibrate itself to catastrophic failure. 
Composite materials have very low mass densities, p, and it should be 
noted that decreasing fiber angles, a (see Fig. 4) relative to the 
longitudinal axis 42, result increasing values for E x . Therefore, from 
y 4 equation (1) it can be seen that fiber angles, a , approaching 0° result in 
very high values for the natural frequency, co n , and thus provide very high 
maximum rotational operating speeds. 



2) Maximum Operating Torque 

[0031] The maximum operating torque, T m , for the shaft 10 is 
-ntS described by the equation 



T = — 
m c 



(2) 
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[0032] Where x is the shear strength, J is the polar moment of 
inertia and c is the outside radius of the shaft 10. In accordance with this 
criteria, the maximum operating torque, T m , of the shaft 10 must exceed a 
predetermined operating torque predicted for the shaft 10 to be subjected 
> to during operation. 

[0033] It should be noted that for fiber angles, a , approaching 45°, 
the shear strength, t, will increase to a maximum, which will produce high 
torque values for a given cross-sectional thickness of the shaft 10. 



< 



3) Load Sharing Relationship Between the Inner Tube Member and the 
Composite Material 

[0034] In accordance with this criteria, the inner tube member 12 
and the composite material 18 must be constructed so that they each fail at 
the same ultimate torque, T m . Although, due to the structural 
characteristics inherent in the composite material 18, the composite 
material 18 will carry the primary load, as compared to the inner tube 
member 12, each of the composite material 18 and the inner tube member 
12 must be designed to contribute4ts-maximum potential load carrying 
ability, as measured by its^an^ at failure. The angle of the 

twist, <|>, is described by the equation 



TL 



[0035] Where T is the applied torque, J is the polar moment of 
inertia, L is the length of the component and G is the modulus of rigidity. 

[0036] In order for the contribution of the load carrying 
characteristics of the inner tube member 12 and the composite material 18 



w 
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to be maximized at failure, they must fail at the same angle of twist such 
that 

<t>,=<f>c (4) 

[0037] Where <!>, is the angle of twist of the inner tube member 12 at 
4 failure, and <|> c is the angle of twist of the composite material 18 at failure. 
Accordingly, the following relationship between the construction of the 
inner tube member 12 and the composite material 18 exists 



T, L, T c L c 
h Gj J c G c 



(5) 



[0038] Where terms corresponding to the inner tube member 12 are 
\P designated with a subscript "I", and terms corresponding to the composite 
material 18 are designated with a subscript "C". 



[0039] Further, the maximum operating torque, T T , for the shaft 10 
is determined by combining the torque contribution of the two components, 
i.e., the inner tube member 12 and the composite material 18, as described 
by the equation 



T T =T!+T C (6) 

[0040] Where Ti is the torque carried by the inner tube member 12 
at failure, and T c is the torque carried by the composite material 18 at 
failure. 



'vo 4) Single Winding Angle for Composite Material Fibers 

[0041] The criteria of equation (1) is in apparent conflict with the 

criteria of equation (2) with regard to selection of a fiber angle, a, in that 
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optimum rotational operating speeds are provided as the fiber angle, a , 
approaches 0°, and maximum operating torque is provided as the fiber 
angle, a, approaches 45°. However, providing a shaft constructed with 
the composite material fibers oriented at different angles to accommodate 
* the different requirements of equations (1) and (2) is not conducive to 
manufacturing efficiency, and the present invention provides a composite 
material construction in which a single optimum fiber angle, a, is selected. 

[0042] The single optimum fiber angle, a, is determined by 
simultaneously solving equations (1) through (6) and deriving a shaft 

l0 design which simultaneously meets the preceding three constraints relating 
to the maximum rotational operating speed, the maximum operating 
torque, and the sharing relationship between the inner tube member and 
the composite material. In this manner the shaft 10 will be designed to 
safely operate within a desired performance envelope of a maximum speed 

O and torque and will ensure that the characteristics of the component parts, 
comprising the inner tube member and the composite material, will be 
optimized for carrying optimal portions of the load being transferred 
through the shaft. 



5) Geometric Isotensoid Shape for the End Pieces 
^ [0043] Once an optimum fiber angle, a, has been determined, a 

corresponding polar radius R P is determined for the curved portions 20, 22 
of the end pieces 14, 16 covered by the composite material 18 in 
accordance with the equation 

R P =R T sina (7) 

^ [0044] Where R T is the maximum radius the end piece 14, 16 where 
it meets the inner tube member 12, and a is the angle of the fibers of the 
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composite material 18 as it is being applied to the inner tube member 12 
and end pieces 14, 16, as seen in Fig. 4. It should be noted that although 
the filaments or fibers, designated 50, are applied at a single angle, a, 
alternating layers of fibers 50 are applied laying across each other with 
each pass of the winding operation from one end piece to the other, each 
pass of the fibers being oriented at the optimum angle a relative to the 
longitudinal axis 42. 

[0045] Once the polar radius, R P , is determined, a geodesic 
isotensoid elliptical shape is determined with reference to the polar radius, 
R P , by application of a series of differential equations, such calculations 
being well known. A geodesic isotensoid is by definition a constant stress 
level in any given filament or fiber 50 at all points in its path. This elliptical 
shape in conjunction with the single optimum fiber angle ensures that the 
fiber 50 is stable and does not slip during the manufacturing process. This 
shape also assures that after the composite material is cured, shear loads 
are transferred efficiently through the composite material along the fiber 
path, i.e., in the direction of elongation of the fibers 50. 

[0046] It should be noted that a resin and fiber sacrificial layer 52 
may also be provided overlying the structural composite material 18. The 
sacrificial layer 52 comprises a thin wrap of fibers 54 oriented at 
approximately 90 degrees relative to the longitudinal axis which facilitates 
compaction of the fibers of the composite material 18 and although it does 
not contribute directly to the structural strength of the shaft, it provides a 
sacrificial outer layer which may be finished to improve the exterior surface 
appearance. Further, the sacrificial layer 52 acts to isolate the structural 
composite layer 18 from environmental hazards such as, for example, 
stone impacts and abrasion. 
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fjvl» A^0047] From the above description, it should be^pparent that the 
present invention provides a unique manufacture for a composite shaft 
which further provides for economies- in the manufacturing process. The 
one-piece design process described herein eliminates tool extraction and 
/ preparation processes, as well as avoids the critical end piece bonding 
process associated with prior constructions. Additionally a tube machining 
operation for facing off the ends of toe tube prior to installation of the end 
pieces is also avoided. This invention preferably utilizes end pieces turned 
on high speed CNC equipment along with an inexpensive thin metal tube to 
j 0 provide stability for the fabrication and curing process. While a winding 
assembly process is introduced, this process time is only a small fraction of 
the total time of the operations associated with prior processes which are 
common practice in the art of composite shaft fabrication. Further, the 
shaft is complete in/the "as wound" state after a cure cycle and requires no 
o S subsequent operations, such as machining, bonding, or balancing. 



[0048] While the form of apparatus herein described constitutes a 
preferred embodiment of this invention, it is to be understood that the 
invention is not limited to this precise form of apparatus, and that changes 
may be made therein without departing from the scope of the invention 
which is defined in the appended claims. 



What is claimed is: 



